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Abstract

To prevent damage to shaft walls in mines due to uneven loading, the mechanical properties of a shaft wall structure
made of hybrid-fiber-reinforced concrete were studied. First, through orthogonal testing, the optimal mix propor-
tion of the hybrid-fiber-reinforced concrete was obtained. Subsequently, a numerical calculation model of the shaft
wall structure under uneven loading was established. The calculation results showed that the structure exhibits a
tensile stress under the action of uneven loading and that its bearing capacity can be improved using the hybrid-
fiber-reinforced concrete. Based on the numerical simulation results, a calculation formula for the bearing capacity
of the shaft wall was obtained by regression. Finally, a model test was conducted on the shaft lining structure. The
results obtained were consistent with those obtained using the numerical simulation regression formula, confirming
the reliability of the numerical simulation results. This study showed that a hybrid-fiber-reinforced concrete shaft wall
structure can better withstand uneven loads and has improved brittle failure characteristics. Hybrid-fiber-reinforced

concrete is an excellent material for deep shaft wall structures.
Keywords: uneven load, mine shaft wall, hybrid fibers, concrete, mechanical properties

1 Introduction

The exploitation of deep mineral resources requires the
construction of vertical shafts as channels for person-
nel movement, ventilation, drainage, and ore lifting
(He, 2021; Liu et al,, 2021). The supporting structure of
such shafts is called the shaft wall structure (Cui, 2003).
Based on geological exploration data, a wellbore typi-
cally passes through complex formations, such as loose
layers, bedrock weathering zones, stable bedrock, bed-
rock fracture zones, and coal seams, from the ground to
the mining level. Therefore, the stress conditions in the
shaft wall become complex during the development of
deep mines. For example, in deep rock formations, due
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to the difference in the lithology, rock formation inclina-
tion, fracture zone, faults, and structural stress, a shaft is
subjected to an uneven load in the horizontal direction,
which worsens the force conditions of the shaft and eas-
ily inflicts damage to the shaft wall structure (Gao et al.,
2021; Zhang et al., 2014). Moreover, the rock cover move-
ment caused by mining produces an uneven load effect
on close-range shafts, causing the shaft to be deflected
and damaged, which seriously threatens the safe opera-
tion of the shaft (Cheng et al., 2021).

When a newly established wellbore drilled using the
manual refrigeration method requires crossing a deep
and loose layer, the outer wall is mainly subjected to the
force from the frozen wall, which is called the freezing
pressure (Jiang et al., 2013; Yao et al., 2015). However,
in an actual project, due to the deflection of the freez-
ing hole and the uneven distribution of the brine flow,
the freezing pressure of the outer wall exhibits uneven
characteristics (Shu et al, 2021; Zhang et al, 2018).
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This adversely affects the stress acting on the shaft wall,
because of which the external wall is stretched and dam-
aged. For example, in the return air shaft in the East of
Gugiao Mining Group, when the shaft wall was excavated
to a depth of 300 m, the outer wall of the upper range of
nearly 10 m was ruptured. From the destruction form
and the actual measured freezing pressure of the shaft
wall, the freezing pressure on the outer wall was found
to be evidently uneven, which was the main reason for
the failure of the shaft wall at this location (Yang & Li,
2016). In another example, when the side wall of Gubei
Coal Mine was excavated and after shaft construction,
the outer wall was seriously damaged, and an analysis
showed that the uneven freezing pressure was the main
reason for the tensile damage of the concrete of the shaft
wall (Zhao & Lin, 2014).

To prevent tensile damage of the concrete, the tensile
performance of shaft walls should be improved (Liang
et al.,, 2021). In recent years, scholars have put forward
constructive suggestions for improving the shaft wall
structure. For example, Wang and Qi (2005) outlined
two feasible methods to improve the bearing capacity
of a shaft lining structure on the premise of ensuring a
reasonable shaft lining thickness: one is to use steel or
steel plate concrete composite shaft lining and increase
the steel content in the structure; although this method
can improve its strength, it significantly increases the
construction cost of shaft lining. The second method is
to improve the strength grade of concrete (i.e., using con-
crete materials with high strength and high toughness).
The latter method is more economical and feasible, thus
widely used in China.

Due to the strong brittleness of high-strength con-
crete, fiber is typically added to improve the tensile
strength of members in structural applications (Fang
et al.,, 2022; Guler & Yavuz, 2019; Guler et al., 2019a). For
example, to prevent the excessive formation of cracks and
serious water leakage due to the temperature stress in a
shaft wall, Yang et al. (2019) prepared excellent building
materials for concrete walls by adding mixed fibers and
expanding agents, and conducted anti-seepage, anti-
cracking, and microscopic tests. The cracking and water
seepage problems of the shaft wall could be resolved. Shi
et al. (2020) studied the mechanical properties of basalt
polypropylene fiber-mixed reinforced concrete under
different compressive strengths through experiments.
The experiments proved that polypropylene fiber can
improve the flexural strength by approximately 20%. Hsie
et al. (2008) mixed two types of polypropylene fibers with
different sizes into concrete. The test results showed that
the compressive strength, splitting tensile strength, and
bending resistance of polypropylene hybrid-fiber high-
strength concrete were better than those of single-fiber
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high-strength concrete. Guler et al. (2019b) proposed
a new strength prediction model to predict the com-
pressive, tensile, and flexural strengths of hybrid-fiber
high-strength concrete in view of the drawbacks of the
concrete strength prediction model.

The above summarizes the research progress on
hybrid-fiber concrete in terms of toughness enhance-
ment. In terms of numerical calculation of the shaft lining
structure, Han et al. (2012) employed the ANSYS finite
element software to simulate the horizontal bearing char-
acteristics of a composite steel fiber-mixed high-strength
concrete shaft lining, obtained the factors influencing the
horizontal ultimate bearing capacity through numeri-
cal simulation, and derived a calculation formula for
the horizontal ultimate bearing capacity. Based on the
principle and method of fuzzy random finite element,
Yao et al. (2016) employed ANSYS to numerically cal-
culate the fuzzy random finite element reliability of an
outer shaft lining structure. The results showed that the
obtained reliability can better reflect the actual working
conditions.

Qin et al. (2017) studied the compressive strength
and failure characteristics of hybrid-fiber-reinforced
concrete shaft in a mine shaft wall through a uniform
loading test. The results showed that the hybrid-fiber-
reinforced concrete shaft wall had a slightly higher com-
pressive strength than the shaft wall structure made of
ordinary high-strength concrete and had better plas-
ticity and deformation resistance. Yao et al. (2019) pre-
pared a hybrid-fiber-reinforced concrete structure model
and applied a uniform load through a hydraulic loading
device; the hybrid-fiber-reinforced concrete shaft wall
structure exhibited an evident plastic flow deformation
stage during the loading process, which could improve
the brittleness failure characteristics of the shaft wall.

Current research on hybrid-fiber-reinforced concrete
shaft walls has mainly focused on their material prepa-
ration and basic mechanical properties; only uniform
loading has been applied in the model tests on shaft wall
structures, which is inconsistent with the force condi-
tion of such structures observed in actual construction
through deep formations. Hence, to analyze the actual
force state of the outer wall of the vertical shaft in deep
rock formations and frozen shafts in deep loose layers
and to evaluate the reliability of the shaft wall, it is impor-
tant to study the mechanical characteristics of the verti-
cal shaft wall under uneven loading.

2 Preparation of Hybrid-Fiber-Reinforced Concrete
for Vertical Shaft Wall

Based on the requirements of safe and efficient construc-

tion of vertical shaft walls for mines, this test adopts raw

materials commonly used in engineering sites to prepare
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Table 1 Basic performance indices of fiber.
Fiber type Length/mm Diameter/um Initial modulus/  Elongation/% Density/g cm 3 Tensile
GPa strength/
MPa
PPTF 50 12004200 5 24 091 570
PVA 18 1543 39 6.9 1.30 1830

(a)PVA
Fig. 1 Physical appearance of the two fibers a PVA b PPTF.

(b) PPTF

Table 2 Orthogonal test design.

Specimen Concrete strength  PVA volume PPTF volume
grade/MPa content/% content/%
H-1 C60 0.056 0.440
H-2 C60 0.084 0.549
H-3 C60 0.112 0.659
H-4 C70 0.056 0.659
H-5 C70 0.084 0.549
H-6 C70 0.112 0.440
H-7 C80 0.056 0.549
H-8 C80 0.084 0.440
H-9 C80 0.112 0.659

hybrid-fiber-reinforced concrete for the shaft wall (Kong
et al., 2020; Yao et al., 2009). P. O 52.5R ordinary Portland
early strength cement was selected as the basic cemen-
titious material. A coarse aggregate was selected as the
continuous graded basalt gravel with a particle size range
of 5-20 mm, and its crushing index was 6.7%. Natural
river sand was selected as the fine aggregate with a fine-
ness modulus of 2.934 and a mud content less than 1.6%.
NEF-F concrete composite was selected as the admixture,
and its main components were fly ash, fine grinding slag,
silica fume, and high range water reducer.

The fiber materials were polyvinyl alcohol fiber (PVA)
and polypropylene imitation steel fiber (PPTF). Poly-
propylene-imitated steel fiber is a substitute made based
on the advantages of steel fibers, while having some
advantages of synthetic fibers. Compared with steel fib-
ers, it has the characteristics of corrosion resistance,
easy dispersion, easy construction, and no damage to
mixing equipment. Table 1 presents the basic perfor-
mance indices (Yao et al., 2021). Fig. 1 shows the physical
appearance.

In this preparation test of the hybrid-fiber-reinforced
concrete, based on the commonly used mixture ratios
of C60, C70, and C80 in engineering (China Coal Con-
struction Association, 2016; Sun & Yao, 2017), a test was
conducted by adding different contents of hybrid fibers.
Therefore, an orthogonal test was conducted on three
factors, namely the concrete strength grade, polyvinyl
alcohol fiber (PVA) volume content, and polypropylene-
imitated steel fiber (PPTF) volume content, with three

levels set for each factor. In this experiment, the concrete
strength levels were separately set to C60, C70, and C80;
the volume content levels of the polyvinyl alcohol fiber
were set to 0.056%, 0.084%, and 0.112%; the volume con-
tents of the polypropylene-imitated steel fiber were set to
0.440%, 0.549%, and 0.659%, respectively. Based on the
orthogonal test method, nine groups of experiments were
required, as shown in Table 2.

Through orthogonal test and a large number of repeti-
tive tests, the mix proportion of the hybrid-fiber-rein-
forced concrete for the shaft wall was obtained, as shown
in Table 3.

3 Numerical Simulation of the Shaft Wall Structure
Under Uneven Load

3.1 Establishment of the Calculation Model

3.1.1 Element Type

Using ANSYS, a finite element model of the hybrid-
fiber-reinforced concrete shaft wall structure was estab-
lished. Short-section excavation construction is typically
adopted for the shaft wall of vertical shafts in deep rock
strata and for the outer wall of frozen shafts in deep loose
layers, and the height of the construction section is typi-
cally in the range of 2.0-4.0 m, resulting in many bal-
last joints and discontinuities in the vertical direction of
the shaft wall. Therefore, the shaft wall structure can be
considered a case of plane stress problem, that is, a plane
stress model was adopted for the numerical calculation.
The four-node 2D solid plane 182 element was selected
as the concrete element, which has the characteristics of
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Table 3 Mix ratio of hybrid-fiber-reinforced concrete.
Strength grade Water-to- Cement/ Admixture/ Basalt gravel/ Percentage of PVA content/ % PPTF content/ %
binder ratio kg m~3 kgm™3 kg m~3 sand/%
HFRC 60 0.28 410 130 11215 36 0.084 0.549
HFRC 70 0.27 420 140 11110 36 0.084 0.549
HFRC 80 0.26 430 155 1096.3 36 0.084 0.549
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Fig. 2 Mesh generation for shaft wall model. . o
Fig. 3 Boundary conditions of shaft wall model.

stress stiffness, hyperelasticity, large deformation, and
high strain, and can simulate the deformation of incom-
pressible hyperelastic materials; link180 element was
selected as the reinforcement; in this element, each node
has three degrees of freedom and is translational along
the three directions of the node. Owing to the symmetri-
cal structure and symmetrical load, 1/4 of the shaft wall
structure was used for the simulation. During grid divi-
sion, the displacement coordination between the rein-
forcement and concrete can be realized through joint
sharing, as shown in Fig. 2.

3.1.2 Boundary Condition

Circumferential displacement constraints are imposed on
the two end faces of the wellbore model to allow radial
displacement of the wellbore. As for the form of the une-
ven load distribution, this numerical simulation adopts
the sinusoidal expression specified in China’s code for
design of coal mine shafts and chambers (China Coal
Construction Association, 2016), that is:

P = Py(1+ Bsinb). 1)

Here, P is the uneven load; P, is the minimum load; j is
the coefficient of the uneven load; 8 is the angle between
the calculated section and the minimum load.

Fig. 3 shows the boundary conditions of the model.

3.1.3 Boundary Condition

Fiber is used to improve the flexural tensile properties of
concrete by taking advantage of its high tensile strength
and high elongation. In the simulation calculation, to
reflect the performance of hybrid fibers, a multilinear
follow-up strengthening constitutive model is adopted
for the hybrid-fiber-reinforced concrete, and the Wil-
liam and Warnke five-parameter criterion is adopted as
the failure criterion (Naser & Hawileh, 2018). The values
of the uniaxial tensile strength and compressive strength
parameters were derived from basic tests. Table 4 lists its
parameters; the ideal elastic—plastic constitutive model is
adopted for the reinforcement.

3.2 Calculation Scheme of the Numerical Simulation

Based on the theoretical analysis of the shaft wall struc-
ture design, the main factors affecting the strength and
deformation of the shaft wall structure under uneven
loading include the thickness-to-diameter ratio of the
shaft wall (1) (mean ratio of the shaft wall thickness to
the internal diameter), nonuniform load coefficient (),
and strength grade of the hybrid-fiber-reinforced con-
crete (HFRC). Therefore, the three factors here were



Yao et al. Int J Concr Struct Mater (2022) 16:54

selected for a comprehensive analysis, with three lev-
els set for each factor. The three-factor and three-level
orthogonal simulation scheme was adopted, and a total
of nine numerical simulation calculations were required.

To ensure that the research results have universal
significance, through the analysis of the design param-
eters used in mine shaft wall engineering, three shaft
wall thicknesses, representative of thin, medium, and
thick walls, were selected for the calculation, defined as
dimensionless, namely the thickness-to-diameter ratio
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(A). The inner radius of the shaft wall was 5.0 m, the
thicknesses of the shaft wall were 0.5, 0.75, and 1.0 m,
respectively, and the corresponding thickness-to-diam-
eter ratios were 0.1, 0.15, and 0.2, respectively. Table 5
presents the specific orthogonal simulation design
table.

The parameters of the hybrid-fiber-reinforced con-
crete were named HFRC60, HFRC70, and HFRCS80,
referring to literature (Zhang et al., 2020); Table 6
presents the specific values. The elastic modulus and

Table 4 William and Warnke failure criterion parameters for concrete.

Serial number Parameter Meaning Value range

1 ShrCf-Op Shear transfer coefficient of crack opening (i.e,, cracking) 0-1

2 ShrCf-Cl Shear transfer coefficient of crack closure (i.e., crushing) 0-1

3 UnTensSt Uniaxial tensile strength Value taken according to test results
4 UnComSt Uniaxial compressive strength Value taken according to test results
5 BiComSt Biaxial compressive strength 1.2F¢, where Fis the uniaxial com-

pressive strength

Table 5 Orthogonal design table for numerical simulation.

Model number Thickness-to-diameter ratio Design strength of hybrid-fiber-reinforced Nonuniform
concrete pressure
coefficient
M-1 0.1 HFRC60 0.1
M-2 0.1 HFRC70 02
M-3 0.1 HFRC80 0.3
M-4 0.15 HFRC60 0.2
M-5 0.15 HFRC70 03
M-6 0.15 HFRC80 0.1
M-7 02 HFRC60 0.3
M-8 02 HFRC70 0.2
M-9 0.2 HFRC80 0.1

Table 6 Mechanical parameters of the shaft wall made of hybrid fiber concrete.

Model number HFRC Compressive Yield stress/MPa Peak strain/ue Elastic modulus/MPa Poisson’s ratio
strength/MPa
M-1 HFRC60 74.5 62.19 2236 %1073 3.741 x 10* 0216
M-2 HFRC70 81.0 68.45 2261 %1072 3.825 x 10* 0.210
M-3 HFRC80 924 7329 2287 x 1073 3873 x 10* 0.206
M-4 HFRC60 745 62.19 2236 %1072 3.741 x 10* 0.216
M-5 HFRC70 81.0 6845 2261 %107 3.825 x 10* 0.210
M-6 HFRC80 924 7329 2287 %1073 3873 x 10* 0.206
M-7 HFRC60 745 62.19 2236 %1072 3.741 x 10* 0.216
M-8 HFRC70 81.0 6845 2261 %1073 3.825 % 10* 0.210
M-9 HFRC80 924 73.29 2287 %1072 3873 x 10° 0.206
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Poisson’s ratio of the reinforcement are 2.1 x 10° MPa
and 0.3, respectively; the yield stress is 340 MPa.

3.3 Analysis of Numerical Simulation Results

The stress of the hybrid-fiber-reinforced concrete shaft
wall under uneven frozen pressures was simulated by
applying an uneven load to the hybrid-fiber-reinforced
concrete shaft wall structure under different thickness-
to-diameter ratios and strength grades. Figs. 4, 5, 6 show
the circumferential stress nephograms of each shaft wall
model, respectively.

Fig. 4 shows that the circumferential stress distribution
of the shaft wall structure also exhibits evident nonuni-
formity under a nonuniform load. In comparison, the cir-
cumferential stress decreases gradually at the inner edge
of the shaft wall from 0° to 90° and increases gradually at
the outer edge of the shaft wall from 0° to 90°. The cir-
cumferential stress is maximum at 0° at the inner edge

-.449E+08
-.403E+08
-.357E+08
-.311E+08
-.265E+08
-.219E+08
-.173E+08
-.127E+08
-.805E+07

-.344E+07
(a) Circumferential stress cloud diagram of M-1 borehole model
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Fig. 4 Circumferential stresses acting on different borehole wall
models when A=0.1.
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Fig. 5 Circumferential stresses of different borehole wall models
whenA=0.15.

and 90° at the outer edge and is minimum at 90° at the
inner edge and 0° at the outer edge.

When the thickness-to-diameter ratio is 0.1, by com-
paring the three diagrams, it can be found that with the
increase in the nonuniformity coefficient, the maxi-
mum circumferential stresses in the borehole wall and
outer edge increase, whereas the minimum circumfer-
ential stresses decrease, even under tension. This means
that the nonuniform stress distribution is more evident
and that the stress acting on the borehole wall is more
unfavorable. When the low load is 2 MPa and f=0.1,
the maximum circumferential compressive stress of the
M-1 model is 44.9 MPa, and the minimum compressive
stress is 3.44 MPa. When the nonuniform load coeffi-
cient is 0.2, the maximum circumferential compressive
stress of the M-2 model is 64.1 MPa, and the tensile
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Fig. 6 Circumferential stresses of different borehole wall models
whenA=0.2.

stress occurs at 90° at the inner edge and 0° at the outer
edge of the well wall. Under the action of uneven load,
for which the nonuniform load coefficient is 0.3, the
maximum compressive stress of the M-3 model reaches
79.4 MPa, and the tensile stress increases at 90° at the
inner edge and 0° at the outer edge of the well wall,
reaching 0.23 MPa. Because of the poor tensile proper-
ties of ordinary concrete, particularly at the early stage
of concrete placement, the concrete is vulnerable to
tensile damage after the occurrence of tensile stress in
the shaft wall. When a hybrid-fiber-reinforced concrete
is used, its tensile strength is significantly increased,
which significantly improves the resistance of the shaft
wall to uneven loads and prevents damage of the shaft
wall structure due to uneven loads.

As shown in Fig. 5, with the increase in the thickness-
to-diameter ratio, the circumferential stresses in the
borehole wall and on the outer edge have the same dis-
tribution law as before; however, the value decreases
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significantly. Moreover, if the thickness—diameter ratio is
0.15, tension stresses occur only in the direction of the
outer edge at 0° and inner edge at 90° under a nonuni-
formity coefficient of 0.3, while no tension stresses occur
under a low nonuniformity coefficient.

As shown in Fig. 6, when the wall thickness-to-diame-
ter ratio is further increased, under three groups of nonu-
niform loads, the circumferential stresses of the inner
and outer edges of the shaft wall are both compressive
stresses, and there is no tensile stress. At the same time,
the circumferential stress is lower, and there is less influ-
ence of the uneven load on the shaft wall. Meanwhile, by
observing the M-1 to M-9 stress clouds, it can be found
that the circumferential stress is maximum at the inner
edge boundary of the low load.

The above simulation calculation results show that
under the action of the uneven load, the shaft wall struc-
ture exhibits a tensile stress, while the tensile strength of
common concrete is low. In particular, in the early stage
of concrete construction, its tensile strength is lower,
which is unfavorable to the stress condition of the shaft
wall structure. Although increasing the shaft wall thick-
ness can effectively resist the action of uneven load, the
construction cost will be significantly increased, and the
construction process will be more difficult. Therefore,
when considering a nonuniform frozen pressure, it is an
effective technical way to improve the resistance of the
shaft wall to nonuniform loads by using hybrid-fiber-
reinforced concrete instead of ordinary concrete as the
wall building material to improve the tensile capacity of
the material itself.

3.4 Analysis of the Ultimate Bearing Capacity
of Hybrid-Fiber-Reinforced Concrete Shaft Wall
Structure
The ultimate bearing capacity of the shaft wall model
(taking a low load P,) was obtained by applying a step-
wise load to the calculation model until failure. Table 7
presents the results.

From Table 7, it can be found that the bearing capacity
of the shaft wall increases significantly with the increase
in the thickness-to-diameter ratio and concrete strength
under the uneven load. However, with the increase in the
nonuniform pressure coefficient, the bearing capacity
of the shaft wall decreases. A further comparison shows
that with the increase in the wall thickness, the influence
of the nonuniform pressure coefficient is lower.

To analyze the influence of various factors on the bear-
ing capacity of the shaft wall, the calculation results were
analyzed by conducting a range analysis; Table 8 presents
the results. The concrete strength, wall thickness-to-
diameter ratio, and nonuniform pressure coefficient were
taken as factors A, B, and C, respectively.
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Table 7 Ultimate bearing capacity of shaft wall structure.

Model number Thickness-to-diameter Nonuniform pressure Compressive strength of Ultimate
ratio/\ coefficient/p concrete/MPa bearing

capacity/MPa

M-1 0.1 0.1 74.5 2.7

M-2 0.1 0.2 810 33

M-3 0.1 03 924 4.0

M-4 0.15 0.2 74.5 4.2

M-5 0.15 03 81.0 49

M-6 0.15 0.1 924 6.9

M-7 02 03 745 6.3

M-8 0.2 02 81.0 7.6

M-9 03 0.1 924 10.5

Table 8 Range analysis results.

Factor level A B C Factors from major to minor

Ultimate bearing capacity

K1 4.40 333 6.70 BAC
K2 5.27 533 503
K3 713 8.13 5.07
R 2.73 4.80 1.67

By comparing the R value in Table 8, it can be seen that
the influence order for the ultimate bearing capacity of
the hybrid-fiber-reinforced concrete shaft wall structure
is the wall thickness-to-diameter ratio, strength of the
hybrid-fiber-reinforced concrete, and nonuniform pres-
sure coefficient.

The objective was to obtain the relationship between
the ultimate bearing capacity (P,) of the hybrid-fiber-
reinforced concrete shaft wall structure under uneven
load and the concrete strength (f,,), shaft thickness-to-
diameter ratio (1), and uneven coefficient (5). To this end,
through dimension analysis method and numerical simu-
lation results, the Origin regression was used to establish
the calculation formula for the bearing capacity of the
shaft wall under nonuniform loading with a sinusoidal
distribution as follows:

Py= 0.0054 .fci.1167 . }v1.321 . ﬂ70'0513' (2)

4 Large-Scale Model Test
of Hybrid-Fiber-Reinforced Concrete Shaft Wall
Structure
To further study the mechanical characteristics of the
hybrid-fiber-reinforced concrete shaft wall structure
under uneven load and verify the numerical simulation
results, a simulation test was conducted on the large

shaft wall structure using the loading device in the under-
ground engineering section of Anhui University of Sci-
ence and Technology.

4.1 Model Design of Shaft Wall
4.1.1 Derivation of the Similarity Criterion

In wall engineering, short-section excavation and lining
construction is adopted. Similar to the numerical simula-
tion, the model test also adopts the plane stress model.

Due to its large geometry and high bearing capacity, it is
challenging to conduct full-scale tests on this type of high-
performance shaft wall structure; therefore, a reduced-scale
model test was conducted in this study. The common scale
model test has size effect, which is quite different from the
actual stress conditions, resulting in inaccurate measure-
ment results. To reduce the error caused by the size effect,
the similarity criterion is used to guide the model test.
Based on the balance equation, geometric equation, and
physical equation, the similarity criterion for the model test
was established as follows (Yang, 2005):

C-C Cx C:-Cg

=1,
Cy Co Co

=1 Cy =1 (3)

Here, Cy is the stress similarity ratio; C,, is the displace-
ment similarity ratio; Cg is the elastic modulus similarity
ratio; C; is the geometric similarity ratio; C, is the Poisson’s
similarity ratio; C; is the strain similarity ratio; C5 is the
surface force similarity ratio.

The shaft wall structure studied herein is a compos-
ite structure composed of reinforced steel, concrete, PVA
fiber, and PPTF fiber. To ensure that the shaft wall model
is strictly similar to the engineering prototype strain dur-
ing the entire loading process, C; = 1 is required. To ensure
that the failure mode of the shaft wall model is similar to
that of the prototype, the building materials of the model
specimen were made the same as that of the prototype.
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Table 9 Design parameters of prototype shaft wall structure.

Inner Outer Wall Strength  Thickness-
diameter/m diameter/m thickness/m gradeof to-radial
concrete  dimension
ratio
10 12 1.0 HFRC70 0.2

Therefore, the similarity criterion of the shaft wall strength
model test can be deduced as follows:

Cg = Cf =1,Cy=1,Ce =1 (4)

Cy=Cs=1,C,=C. )

Here, C, is the similarity constant of the steel ratio; C¢
is the similarity constant of the mixed fiber ratio; C; is the
material strength similarity ratio.

Under these conditions, as long as the appropriate geo-
metric similarity constant is determined, the real stress
of the original shaft wall can be deduced from the model
test results.

4.1.2 Design of Model Parameter

To compare the results of the model test with the numer-
ical simulation results and then verify the rationality of
the numerical simulation method, the uneven load test
of the shaft wall structure is based on the numerical cal-
culation M-8 as the prototype in this model test. The
hybrid-fiber-reinforced concrete configured above was
used as the shaft wall building material. Table 9 presents
the structural parameters of the prototype shaft wall in
engineering.

Based on the deduced similarity index and design
parameters of the prototype shaft wall structure and
combined with the size of the laboratory loading device,
the geometric similarity ratio was set to 4. Table 10 pre-
sents the design parameters of this model test.

4.1.3 Model Preparation and Test Component Placement

The steps followed to prepare the model specimens of the
shaft wall were as follows. First, the mold was processed

Table 10 Design parameters of model shaft wall structure.
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w3

Fig. 8 Casted shaft wall model.

in a laboratory, and a reinforcement cage was prepared.
The strain gauges were pasted in the four directions of
the processed reinforcement cage, namely east, south,
west, and north. Subsequently, the reinforcement cage
was placed in the assembled mold, and a hybrid-fiber-
reinforced concrete was poured. After pouring and cur-
ing the specimen for 3 days, the mold was removed, and
the specimen was sprayed for curing. After 21 days, the
surface of the model specimen was ground flat, and the
strain gauge was pasted. Finally, the loading cylinder was
arranged; Figs. 7 and 8 show the preparation process of
the model.

Outer diameter/m Inner diameter/m

Thickness-
to-radial
dimension ratio

Wall thickness/m

30 0.25

Model height /m Strength grade of concrete

0.21 HFRC70

25 0.2

Polyvinyl alcohol fiber dosage /kg m~2

Polypropylene-
imitated steel
fiber content/
kgm™3

1.092 5
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A

|
A

30,

3% =~

Fig. 10 Strain gauges installed on the concrete at the inner edge of
the shaft wall.

To obtain the deformation and stress characteristics
of the shaft wall model under the action of uneven load-
ing, test elements should be arranged on the surface of
the reinforcement and concrete specimens. The specific
arrangement is as follows.

For the strain test of the shaft wall, four measuring
points were arranged along four directions on the inner
and outer steel meshes and the concrete surface on the
inner edge of the shaft wall. The polishing process was
first conducted, and a strain gauge was pasted in the ver-
tical and annular directions of each measuring point, as
shown in Figs. 9 and 10.

For the displacement monitoring of the shaft wall, to
obtain the radial displacement of the shaft wall model
during the loading process, four resistive displacement
sensors were symmetrically arranged on the inner edge
of the shaft wall model. Fig. 11 shows the entire model
test system.

4.2 Experimental Loading
In this model test, 16 hydraulic cylinders were used to
apply an uneven load. At the same time, foundation bolts

Fig. 12 Schematic of model test loading.

f Small load

Shaft lining model

Fig. 13 Load distribution of the shaft wall model structure.

and tie rods with sufficient stiffness were used for the
vertical restraint to prevent the specimen from unsta-
ble deformation along the vertical direction. The entire
model specimen was in the plane stress state, as shown
in Fig. 12.

In the previous numerical simulation calculation, the
uneven load is distributed in the form of a sine function;
however, in the model test, this type of load distribution
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is difficult to implement. Therefore, based on the test
loading conditions, the load form shown in Fig. 13 is
used for loading. Through a force analysis and equivalent
principle, it can be seen that this loading mode is more
unfavorable to the shaft wall structure than the sinusoidal
distribution of the uneven load. The calculation results
show that the coefficient of the uneven pressure applied
by the test is 0.2, which is equivalent to 0.223 in the form
of the sine function distribution (Yao & Sun, 1995).

Before the test loading, a preloading was conducted to
check whether the loading system and test system oper-
ated normally. The pressure of the preloading cylinder
was controlled at 3 MPa. Formal loading was then applied
through the loading control system to set the target load
to load step by step. Four pairs of oil cylinders were set in
the east—west direction and four pairs in the north—south
direction to apply two sets of load values, namely high
and low loads. In this test, a high-load P, is symmetri-
cally applied to the east—west cylinder, and a low-load P,
is symmetrically applied to the south—north cylinder. The
high and low loads were applied step by step synchro-
nously. The entire loading process is as follows:

(1) When the nonuniformity coefficient is 0.1, a high-
load P, is applied to the four oil cylinders in the
east—west direction, and a low load P, is applied to
the four oil cylinders in the north—south direction,
where P,/P,=1.1.

(2) When the nonuniform coefficient is 0.2, P,/P,=1.2,
and the load continues until the specimen is
destroyed, the ultimate bearing capacity of the shaft
wall model when the nonuniform load coefficient is
0.2 is obtained.

—&— ].] Large load direction
—=®— 1.1 Small load direction
.60 | —* 1.2 Large load direction
—¥— 1.2 Small load direction

=70

&
S
T

Stress/MPa
8

30 F
20 F
-10 F
0 A { A ;7 " 1 1 1 1 ]
I 2 3 0 4 S A
Load/MPa

Fig. 14 Concrete load-hoop stress relationship curve of inner edge.
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4.3 Test Results and Analysis

4.3.1 Analysis of Shaft Wall Stress

The data collection system was used to collect data
recorded by the strain gauge on the surface of the rein-
forcement and the concrete on the inner edge of the shaft
wall model. The strain value under each load level was
converted into the stress value (Yao et al., 2007, 2017),
and the relationship between the model load and cir-
cumferential stress was plotted in the form of a curve,
as shown in Figs. 14, 15, 16. The test curve was divided
along the high- and low-load directions.

The load—circumferential stress curves in Figs. 14, 15,
16 show that the circumferential stresses of the concrete
and steel bar in the shaft wall structure are positively cor-
related with the load. At the initial stage of loading, they
are in an elastic stress state and reach their yield strength

350
—&— |.1 Large load direction
| —®— 1.1 Small load direction
—&— .2 Large load direction
—¥— 1.2 Small load direction

-300

-250

-200

-150

Stress/MPa

-100

0 1 2 3 4 3 6 7
Load/MPa

Fig. 15 Load-hoop stress relationship curve of inner bars.

-350 -

—#— 1.1 Large load direction
| —®— 1.1 Small load direction
—&— 1.2 Large load direction
—¥— 1.2 Small load direction

-300

=250 |-

-200

Stress/MPa

1
0 1 2 3 4 5 6 7
Load/MPa

Fig. 16 Load-hoop stress relationship curve of outer bars.
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as the load increases step by step. Moreover, in the high-
load direction, the circumferential stress of the shaft wall
presents a distribution law characterized by high values
outside and low values inside. In the low-load direction,
the distribution rule is high values inside and low values
outside. When the nonuniformity coefficient is 1.1, the
concrete and steel bars of the shaft wall are both under
compressive stress, indicating that they are in a compres-
sion state. However, when the nonuniform coefficient
is 1.2, the tensile stress appears in the direction of high
load on the inner edge of the shaft wall, and the tensile
stress reaches 3.8 MPa when the specimen is destroyed.
However, the stress acting on the ordinary reinforced
concrete shaft wall structure is unfavorable, leading to
premature cracking of the concrete, thus reducing the
bearing capacity of the shaft wall. Therefore, in this study,
the hybrid-fiber-reinforced concrete was used instead of
ordinary concrete as the shaft wall material, and the ten-
sile strength of the material itself could be significantly
improved, thus avoiding premature cracking of the con-
crete, so as to significantly improve the bearing capacity
of the shaft wall under the action of uneven loads.

4.3.2 Analysis of Shaft Wall Displacement

The load-radial displacement curve of the shaft wall in
the loading process is sorted and drawn, as shown in
Fig. 17, where the negative ordinate value represents the
inward displacement deformation of the shaft wall, and
the positive value represents its outward displacement
deformation.

Fig. 17 shows that under the action of uneven load,
there are significant differences in the displacement and
deformation of the shaft wall along the different direc-
tions. In the high-load direction, the shaft wall is dis-
placed and deformed inward, while in the low-load

w
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Fig. 17 Load-radial displacement relationship curve of shaft wall.
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direction, the shaft wall displaces outward. The displace-
ment due to inward contraction is slightly larger than
that due to outward expansion. With the increase in the
nonuniformity coefficient, this phenomenon is more
evident, the radial displacement due to contraction and
expansion in the high- and low-load directions is also
larger. The relative displacement along the two directions
easily causes bending failure of the shaft wall section,
and the concrete is more prone to exhibit tensile stress.
Therefore, using a hybrid-fiber-reinforced concrete mate-
rial can significantly improve the ability of the shaft wall
to bear uneven loads.

4.3.3 Analysis of the Failure Form and Bearing Capacity
of the Shaft Wall

In the loading process under a nonuniform load coeffi-
cient of 1.2, with the increase in the load, the cracking
sound of concrete could be heard, accompanied by the
falling off of surface concrete. With further increase in
the load, cracks appeared and gradually expanded in the
shaft wall; however, there were no brittle characteristics,
such as sudden fracture failure. The failure part of the
specimen was the south inner edge of the shaft wall, that
is, the inner edge in the low-load direction. This section
of concrete was subjected to eccentric load and bending
moment during loading, resulting in tensile stress, local
cracks, and finally failure. Large cracks appeared in the
model specimen at the failure location, and the failure
surface was at an angle of approximately 40° with the
circumferential tangent plane, presenting the charac-
teristics of pull-shear failure, as shown in Fig. 18. From
the cracks, it can be seen that the PPTF fibers were still
connected on both sides of the failure surface, indicat-
ing that the hybrid fibers could significantly improve the
ductility of the shaft wall structure, improve the failure
characteristics of the shaft wall, and improve the degree
of safety.

Fig. 18 Shaft wall failure state.
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Through the loading test, the failure load of the shaft
wall model was found to be 6.8 MPa under the low load
and 8.2 MPa under the high load, which is the ulti-
mate bearing capacity of the shaft wall. The relevant
parameters of the shaft wall specimen (the compressive
strength of the cube block with the hybrid-fiber-rein-
forced concrete in the shaft wall was 78.7 MPa in the
test) were substituted into the regression formula (2)
for the numerical simulation calculation of the ultimate
bearing capacity, and the calculated low and high loads
were 7.17 and 8.77 MPa, respectively. These values are
relatively consistent with the test results, confirming
the reliability of the numerical simulation results.

4.4 Discussion

In this study, the mechanical properties of a hybrid-
fiber-reinforced concrete shaft lining structure under
uneven load were studied through numerical simula-
tion and model tests. The research results showed that
the error between the numerical simulation results and
the model test results is approximately 5%. To place
the study results in the context of existing literature,
the results were compared with those obtained by
Peng (2022) for the bearing capacity of C80—C90 high-
strength reinforced concrete shaft lining structure.
When the nonuniformity coefficient is 1.15, the cir-
cumferential compressive stress of the concrete at the
inner edge of the shaft wall increases with the increase
in the lateral pressure, the peak compressive stress is
36.63 MPa, the vertical stress is tensile, and the peak
stress is 10.35 MPa. The stress at the inner and outer
sides of the reinforcement increases with the increase
in the lateral pressure. When the lateral pressure
increases to 8.83 MPa, the peak compressive stress of
the reinforcement reaches 243.14 MPa, and the average
displacement at the inner side of the shaft wall shows a
linear growth trend. This is consistent with the results
of this study. However, due to the significant difference
in the selection of model materials between the two
studies, there is a significant difference in the numeri-
cal values; therefore, the test results cannot be consid-
ered consistent.

5 Conclusions

(1) Based on the physical mechanism of the shaft wall
in deep rock stratum and the outer shaft wall of a
frozen shaft in a deep loose layer, to prevent shaft
wall structures made of concrete from undergoing
tensile failure under the action of an uneven load,
this study adopted hybrid-fiber-reinforced con-
crete as the construction material for the shaft wall.
Through an orthogonal test, the optimum mixture
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ratio of the hybrid-fiber-reinforced concrete was
determined.

(2) Using ANSYS, a numerical analysis model of the
shaft wall structure made of hybrid-fiber-rein-
forced concrete under uneven loading was estab-
lished. The calculation results showed that the
shaft wall structure exhibits tensile stress under
the action of nonuniform load, and adopting
hybrid-fiber-reinforced concrete instead of ordi-
nary concrete as the wall building material could
improve the resistance of the shaft wall structure
to nonuniform loads.

(3) Based on the data simulation results and using a
range analysis method, the order of factors mainly
affecting the bearing capacity of the structure under
uneven loading was the thickness ratio of the shaft
wall, concrete strength, and uneven pressure coef-
ficient. From the numerical simulation results, the
calculation formula for the shaft wall bearing capac-
ity was obtained by regression.

(4) The model test conducted on the hybrid-fiber-
reinforced concrete shaft wall structure under the
action of uneven loading showed that when the
coefficient of the uneven load was 1.2, the tensile
stress along the inner edge of concrete in the high-
load direction was 3.8 MPa, which was unfavorable
to the shaft wall. When loading failure occurred,
the ultimate bearing capacity of the shaft wall was
6.8 MPa under low load and 8.2 MPa under high
load, consistent with the calculation results of the
numerical simulation regression formula, con-
firming the reliability of the numerical simulation
results.

(5) This study showed that the use of a hybrid-fiber-
reinforced concrete as the shaft wall structure
material can help significantly improve its ability to
resist uneven loads, improve the brittle failure char-
acteristics of concrete, and improve its reliability. It
represents an excellent material for deep shaft wall
structures.
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